To investigate the effects of 6 nights of sleep extension on sustained attention and sleep pressure before and during total sleep deprivation and after a subsequent recovery sleep. Design: Subjects participated in two experimental conditions (randomized cross-over design): extended sleep (EXT, 9.8 ± 0.1 h (mean ± SE) time in bed) and habitual sleep (HAB, 8.2 ± 0.1 h time in bed). In each condition, subjects performed two consecutive phases: (1) 6 nights of either EXT or HAB (2) three days in-laboratory: baseline, total sleep deprivation and after 10 h of recovery sleep. Setting: Residential sleep extension and sleep performance laboratory (continuous polysomnographic recording). Participants: 14 healthy men (age range: 26-37 years). Interventions: EXT vs. HAB sleep durations prior to total sleep deprivation. Measurements and Results: Total sleep time and duration of all sleep stages during the 6 nights were significantly higher in EXT than HAB. EXT improved psychomotor vigilance task performance (PVT, both fewer lapses and faster speed) and reduced sleep pressure as evidenced by longer multiple sleep latencies (MSLT) at baseline compared to HAB. EXT limited PVT lapses and the number of involuntary microsleeps during total sleep deprivation. Differences in PVT lapses and speed and MSLT at baseline were maintained after one night of recovery sleep. Conclusion: Six nights of extended sleep improve sustained attention and reduce sleep pressure. Sleep extension also protects against psychomotor vigilance task lapses and microsleep degradation during total sleep deprivation. These beneficial effects persist after one night of recovery sleep.
INTRODUCTION
A clear trend toward a reduction in sleep duration at night leading to growing sleep debt has been reported in western countries, particularly in professionally active populations. 1 Many human endeavors such as those required for military operations, health care or aviation require high levels of cognitive performance throughout a 24-hour period. It has long been established that both acute total sleep deprivation (TSD) and chronic sleep restriction impair the ability to maintain wakefulness, increase subjective sleepiness and sleep propensity, and, most critically, reduce various aspects of cognitive performance. 2, 3 In studies conducted in both the laboratory and different professional situations inducing insufficient sleep, the most consistently and dramatically affected cognitive capacities were sustained attention and occurrence of involuntary microsleeps. [4] [5] [6] [7] This impairment is due to a state of instability caused by competing sleep initiating and endogenous wake promoting factors identified as a "flip-flop switch." 8 This impairment of cognitive performance constitutes a trait-like characteristic, i.e., individuals show stability in their response with repeated testing. 3, 9 Van Dongen et al. reported that the amount of sleep prior to exposure to TSD (called sleep-history) has an effect on many neurobehavioral functions. 9 However, psychomotor vigilance task (PVT) performance impairments during TSD were not dependent on sleep amount prior to TSD in this study. Similarly, in previous studies of chronic sleep restriction (≥ 7 consecutive nights), it has been shown that performance and alertness were degraded in a dose-dependent manner. 10, 11 Recently, Rupp et al. reported that 7 days of sleep extension before one week of sleep restriction (3 h/night) influenced the rate of degradation in cognitive performance and alertness both during the sleep restriction and subsequent recovery periods. In other words, they proposed that "banking" sleep before a period of sleep loss helps sustaining performance and alertness. 12 Others studies have shown that sleep extension can improve the baseline levels of physical performance, sustained attention, and mood. [13] [14] [15] From a practical standpoint, increasing total sleep time over a relatively short period represents an attractive non-pharmacological countermeasure to limit the deleterious effects that sleep deprivation has on performance. The only study, to our knowledge, that has investigated the effects of sleep extension on PVT performance during TSD found no effect. 9 Neither have we been able to find any study on the effect of sleep extension on subsequent recovery day after TSD. Furthermore, involuntary microsleeps that reflect the instability of the waking state are an important consequence of sleep deprivation and have been found to be associated with the risk of accident. 16, 17 The effects of sleep extension on the occurrence of involuntary microsleeps during TSD are also unknown.
Therefore, the aim of this study was to assess the effects of 6 nights of sleep extension on sustained attention and sleep pressure before and during TSD and on the subsequent recovery day. We hypothesized that sleep extension would: (1) improve sustained attention and reduce sleep pressure at baseline (2) limit the degradation of sustained attention and sleep pressure during total sleep deprivation, and (3) have persistent effects after one night of recovery sleep.
METHODS

Subjects
Fourteen healthy men, aged 31.4 ± 3.9 years (mean ± SD), with a body mass index (BMI) of 24.0 ± 2.0 kg/m 2 , range 21.5-27.3 were included in the study after giving their informed written consent. Eighteen persons were selected and seen at a preliminary visit. Based on our exclusion criteria (see below), 4 persons were not included. The ethics committee of the Hotel Dieu -Ile de France 1 (Paris) and the French National Agency for the Safety of Medicines and Health Products (ANSM) approved the protocol (N°ID RCB: 2013-A01403-42), which was conducted according to the principles expressed in the Declaration of Helsinki of 1975 as revised in 2001. All subjects underwent a detailed medical history and examination including an electrocardiogram at rest. Subjects were excluded if they reported any of the following during the preceding month: (1) an average > 9 h and < 6 h sleep per night Sunday through Thursday, (2) a difference > 45 min between weeknight and weekend night sleep (subjects with sleep debt), (3) an average lights-out time earlier than 21:00 Sunday through Thursday, (4) an average wake-up time later than 09:00 Monday through Friday.
To confirm these subjective data, actigraphy was used during 3 consecutive weeks to measure accurately subjects' habitual sleep time during week nights (Monday through Thursday). Data were scored manually for total sleep time (min) defined by the time of sleep within the identified sleep period (elapsed time from the start of sleep to sleep end time) and time in bed. The reported difference between week and weekend nights was around 30 minutes and the habitual week night sleep time was measured to be between 7.5 and 8 h per night. Additional exclusion criteria were: shift-workers, smokers, daily consumption of alcoholic beverages and those consuming > 400 mg of caffeine per day (i.e., about 8 caffeinated sodas or 3-4 cups of coffee), subjects with a BMI > 28 kg/m 2 , and those taking medication. Subjects with excessive daytime somnolence (Epworth Sleepiness Scales > 11), 18 sleep complaints (Pittsburgh Sleep Quality Index > 5), 19 who could not be considered as an intermediate chronotype or moderately morning type on the Horne and Ostberg questionnaire (< 42 and > 69), 20 or who scored ≥ 13 on the Beck Depression Inventory 21 were also excluded.
Protocol
Subjects participated in 2 experimental counterbalanced conditions (crossover design): extended sleep (EXT, 9.8 ± 0.1 h (mean ± SE) time in bed) and habitual sleep (HAB, 8.2 ± 0.1 h time in bed]). In each condition, subjects performed 2 consecutives phases: (1) 6 nights of either EXT or HAB then (2) 3 days in-laboratory. Two weeks before the first phase, a familiarization night was spent in the laboratory to avoid any first-night laboratory effect. Moreover, a control week with 8 h in bed was realized before first phase to avoid starting the experiment with the subjects in sleep debt. Time in bed during the control week was checked with actigraphy (Actiwatch TM, Cambridge Neurotechnology, Cambridgeshire, UK).
The washout period between the 2 experimental conditions was 6 weeks ( Figure 1 ). The first phase consisted in 5 nights at home (N1 to N5) with sleep recorded by polysomnography (PSG). In HAB, subjects were instructed to maintain their habitual sleep time and spend ≥ 8 h in bed (bedtime between 22:30 and 23:00 and wake at 07:00). In EXT, they spent 10 h in bed between 21:00 and 07:00. In both conditions, volunteers maintained a wake time of 07:00 to accustom them to the waking time of 07:00 used during the second laboratory phase. Volunteers were allowed to maintain their usual lifestyles but needed to return the PSG equipment to the laboratory every morning.
The second phase was conducted in the laboratory and started at 17:00 after the 5th night at home. It consisted in one night of either extended or habitual sleep, a baseline (07:00-00:00, BASE), a period of total sleep deprivation (00:00-21:00, TSD) a night of recovery sleep (21:00-07:00 in both conditions, NREC), and one subsequent recovery day (07:00-17:00, REC). Day of week entry into the second phase was standardized to Saturday.
Testing Facilities in the Laboratory Phase
During the testing and sleep periods, subjects were in individual temperature-controlled (22 ± 1°C), 3 × 4 m rooms that included a bed, restroom facilities, and a computer workstation. Laboratory illumination was maintained at 150-200 lux during the entire period of sleep deprivation (with lights off during sleep periods). Subjects were prohibited exercise, caffeine, tobacco, alcohol, or other psychoactive substances 48 hours before and during the study. Meals and caloric intake were standardized for all subjects (2600 kcal/day). Water was allowed ad libitum. When not engaged in any specific testing or meals, subjects followed a standardized activity program (reading, watching videos, and playing video games). Six investigators were systematically present in the laboratory with at least 2 of them with the subjects. Two teams of 12-h shifts were organized to maintain a good level of investigator alertness. When the subjects were about to fall asleep (eyes closed, head down), they were gently and immediately woken up (i.e., no period of sleep > 30 seconds).
MEASUREMENTS
Nighttime Sleep Assessment
During N1 to N6 and NREC, an ultra-miniaturized PSG was used to limit patient discomfort (Actiwave, CamNtech LtD, Cambridge, UK) and provide continuous monitoring for 6 EEG (F3, C3, O1 and F4, C4, O2), 2 electrocardiograms and 2 electroculograms (outer canthus of each eye), and 2 electromyograms (chin). Contralateral mastoid leads served as references for all unipolar measurements (electroencepha lograms and electroculograms). PSG data were scored by two trained research technicians in accordance with AASM criteria, 22 using Somnologica software (TM, Medcare, Reykjavik, Iceland). Sleep period time, wakefulness after sleep onset, total sleep time (TST), sleep efficiency (TST / sleep period time), sleep onset latency (first epoch − 30 s of any sleep stage), and the time spend in various sleep stages (sleep stages 1, 2, 3, and REM) were determined. The PSG remained in place for further testing throughout the protocol.
Psychomotor Vigilance Task
During the in-laboratory phase, a previously validated, 23 10min version of the psychomotor vigilance task (PVT) was given on a personal computer. PVT was analyzed for speed (1 / reaction time × 1000), and number of lapses (reaction times > 500 ms). Subjects performed PVT as indicated in Figure 1 .
Multiple Sleep Latency Assessment
During the in-laboratory phase, the multiple sleep latency test (MSLT) 24 was used to assess physiological sleep pressure using the PSG to determine whether the subjects fell asleep. Onset of sleep was defined as attaining 3 subsequent 30-s epochs of stage 1 or one epoch of stage 2/stage 3/REM. The MSLT was terminated 20 min after lights-out if there had been no sleep or after sleep onset. As indicated in Figure 1 , MSLT testing was carried out immediately after the PVT.
Involuntary Microsleep Assessment
Throughout the in-laboratory phase, microsleeps (defined as 3 to 14 s epoch in stage 1, 2 or 3) were monitored. 25 Moreover, each microsleep had to be preceded by a period of wakefulness ≥ 15 s to be scored as a microsleep. Three time periods during the day (08:00-11:00, 11:00-14:00, 14:00-17:00) and night (23:00-02:00, 02:00-05:00, and 05:00-08:00) were analyzed. Cumulative sleep duration over a given time period was calculated as the sum of sleep and microsleep durations in that period. 25 
Subjective Levels of Sleepiness
The subjective level of sleepiness was assessed with the Karolinska Sleepiness Scale (KSS). 26 This scale consists of 9 scores from 1: extremely alert to 9: extremely sleepy, falls asleep all the time. Subjects performed KSS every morning at 08:30 during the at-home phase. During the in-laboratory phase, subjects filled out visual analogic scales on a personal computer during 3 min (data not shown), then they performed KSS and PVT in standardized conditions. A few other measurements (saliva, blood samples, and knee extensors test) were also performed during this protocol and will be reported elsewhere.
Statistics
All data in text, tables and figures are presented as mean ± standard error of the mean, unless otherwise stated. Statistical analyses were performed using SigmaPlot 12.0 (Systat Software Inc, San Jose, USA). All data were assessed for normality using the Shapiro-Wilk test before statistical analysis was performed. Two-way repeated-measures ANOVAs (condition × night) were conducted on PSG parameters and KSS from N1 to NREC. NREC was compared to N6 to assess the effect of TSD on sleep. Two-way repeated-measures ANOVAs (condition × time since awakening) were also conducted on PVT parameters, sleep latencies, number of involuntary microsleeps and cumulative duration and KSS to evaluate differences between EXT and HAB in BASE, TSD and REC. When the ANOVA revealed significant interactions or main effect, a Tukey post hoc test was used to identify differences between HAB and EXT. For time since awakening effect, all points were compared to a single control value (09:30 at BASE). A paired t-test was performed to compare total sleep duration between HAB and EXT over the control week. Statistical significance was set at P < 0.05 for all statistical analyses.
RESULTS
Nighttime Sleep Assessment
Average time in bed during the control week was 8.0 ± 0.3 and 8.0 ± 0.2 h for HAB and EXT, respectively (P = 0.97). Average time in bed and total sleep time over the 6 nights was 8.2 ± 0.1 and 7.0 ± 0.1 h for HAB and 9.8 ± 0.1 and 8.2 ± 0.1 h for EXT, respectively (significant condition main effect for both). Time in bed, sleep period time, total sleep time, wake after sleep onset, and stages 1, 2, 3 and REM sleep over the 6 nights of EXT were significantly longer compared to HAB (significant condition and night main effects, Table 1 ). No significant differences between the 2 conditions were observed for sleep efficiency and sleep latency (Table 1) . Likewise, no significant differences were observed between HAB and EXT for any of the PSG parameters during the recovery night (Table 1) .
Psychomotor Vigilance Task
There were significantly fewer PVT lapses in EXT than HAB (significant condition and time since awakening main effects, Figure 2A and Table 2 ). There was no significant interaction for PVT lapses. Compared to 09:30 in BASE, PVT lapses increased significantly during TSD from 00:00 to 16:00 in HAB and from 03:00 to 16:00 in EXT. PVT lapses remained significantly more important in REC at 09:30 and 13:00 in HAB and at 16:00 in EXT (Figure 2A and Table 2 ). There was no significant condition main effect for PVT speed. However, there were significant interaction and time since awakening main effects ( Figure 2B and Table 2 ). PVT speed decreased significantly during TSD from 03:00 to 16:00 in HAB and from 00:00 to 16:00 in EXT. PVT speed remained significantly lower in REC at 13:00 in HAB and from 13:00 to 16:00 in EXT ( Figure 2B and Table 2 ).
Multiple Sleep Latency Assessment
Sleep latencies were longer in EXT than HAB (significant interaction, condition and time since awakening main effects, Figure 3 and Table 2 ). Compared to 09:30 in BASE, sleep latencies decreased significantly during TSD from 03:00 to 16:00 in HAB and from 00:00 to 16:00 in EXT. Sleep latencies remained lower in REC at 09:30 and 13:00 only in EXT ( Figure 3 and Table 2 ).
Involuntary Microsleeps
The number of involuntary microsleeps was lower in EXT than HAB at 05:00-08:00, 08:00-11:00, and 14:00-17:00 in TSD (significant interaction, condition and time since awakening main effects, Figure 4A and 4B and Table 2 ). There were no involuntary microsleeps in REC in either condition. The number of involuntary microsleeps and cumulative duration increased significantly during TSD in HAB from 05:00-08:00 ANOVA effect a P < 0.05, b P < 0.01, c P < 0.001. *Significantly different between habitual vs extended (*P < 0.05, **P < 0.01, ***P < 0.001). # Significantly different between N6 vs NREC ( # P < 0.05, ## P < 0.01, ### P < 0.001). WASO, wake after sleep onset; REM, rapid eye movement.
to 14:00-17:00 time intervals ( Figure 4A and 4B and Table 2 ).
There was no significant change in the number of involuntary microsleeps and cumulative duration in EXT.
Subjective Levels of Sleepiness
There were no changes in subjective sleepiness measured by KSS across N1 to N6 (P > 0.05). KSS increased significantly during TSD between 03:00-16:00 in HAB and 00:00-16:00 in EXT and recovered to baseline levels in REC (time since awakening main effect, Figure 5 and Table 2) . No difference was observed in KSS at any time in BASE, TSD and REC between HAB and EXT ( Figure 5 and Table 2 ).
DISCUSSION
The principal findings of this randomized, crossover study are that 6 nights of extended sleep in healthy subjects: (1) improve sustained attention (both fewer lapses and faster speed) and reduced sleep pressure at baseline, (2) limit the increase of PVT lapses and microsleeps during total sleep deprivation without changing PVT speed and MSLT, and (3) have persistent effects after one night of recovery sleep.
The present study shows that it is possible to increase sleep duration in subjects with a very mild sleep deficit before the extension period. The increase in TST after 6 nights in EXT (8.2 vs 7 h per night) was due to a significant extension of stages 1, 2, 3 and REM. Contrary to other studies, we observed an increase of stage 3 during sleep extension. This result was unexpected since slow wave sleep is known to be mainly under homeostatic regulation. 27, 28 Using a similar experimental protocol, Rupp et al. found that 7 nights of sleep extension (8.7 vs. 6.8 h) increased TST and stage 1, 2, and REM sleep duration. 12 Wehr et al. reported that changes due to sleep extension persisted after 4 weeks of an extended time in bed of 14 h per night (between 18:00-08:00), with more TST (8.2 vs 7.2 h) and stage 1, 2, and REM sleep. 29 Other authors have studied the effect of 9 days of a 16-h dark/8-h light cycle, and they also found a total sleep time of around 8.7 hours. 30 Indirectly, these studies confirm epidemiological studies showing chronic sleep debt in 
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the general population (with an average sleep duration below their sleep needs). The duration of sleep need, when the opportunity of sleeping more is given (at least 10 h in bed) seems to be slightly above 8 h in healthy, young people without sleep disturbances. This duration corroborates the recently updated recommendations of the National Sleep Foundation for sleep requirements in adults. 31 In our study, the increase in total sleep time over the 6 nights induced an improvement in sustained attention (both fewer lapses and faster speed) and reduced sleep pressure (longer MSLT) at baseline. These results are in line with previous studies showing that reaction times 14, 15 and sleep latencies 14 were improved after one week of sleep extension (10 h in bed). This improvement could be beneficial regardless of the level of sleep debt and initial sleep pressure. 15, 32 Indeed, Roehrs et al. 14 have shown that reaction time and sleep latencies of MSLT were improved after 6 nights of EXT in both subjects with MSLT > 16 min (called "alert") and others with MSLT < 6 min (called "sleepy"). As expected, the sleepy subjects showed an immediate and uniform increase in alertness, while alert subjects did not show improvements until late in the extension period. In our study, sleep latency values and sustained attention (mainly PVT lapses) at baseline were rather low in HAB, suggesting that some subjects were in very mild sleep debt. However one has to consider that subjects performed soporific, standardized activities immediately before MSLT, i.e. KSS and PVT. Moreover MSLT also assesses "sleep ability," i.e., the ability to fall asleep rapidly without other signs of sleepiness. 33 Contrary to sustained attention and sleep pressure, we observed no difference in the number of involuntary microsleeps measured throughout the day at baseline. This difference between results in PVT lapses and microsleeps, which are often associated, could be explained by the fact that a large part of these lapses (specifically minor lapses) can be realized with eyes open. 34 This measure was probably not sensitive enough for very mild sleep debt.
The present study showed that 6 nights of sleep extension limited the number of PVT lapses and involuntary microsleeps but not PVT speed and sleep pressure during TSD. As expected, sustained attention, sleep pressure and stability of the waking state were heavily impaired by TSD. These results confirm the abundant literature reporting an overall slowing of reaction times, an increase in the number of omissions and a decrease of sleep latencies in both acute total sleep deprivation [35] [36] [37] and chronic partial sleep restriction. [10] [11] [12] Our results on sustained attention are in line with those of Rupp et al. showing that 7 days of sleep extension before one week of sleep restriction (3 h/night) influence the rate of degradation of PVT performance (only 
lapses) and modifies the maintenance of wakefulness test during the sleep restriction period. Yet our results are contrary to those of Van Dongen et al. who reported no effect of sleep amounts prior to TSD on PVT lapse impairments during TSD. 9 The authors explained that the variance associated with order effects probably due to a short wash-out period may have contributed to the statistical non-significance of the sleep-history effect for PVT. In our study, the sleep pressure (i.e. MSLT) during TSD was similar between EXT and HAB and was reinforced by an absence of SWS differences between the conditions during the night of recovery sleep. Sleep extension seems to have a protective effect on the stability of the waking state as shown by the reduction of PVT lapses and involuntary microsleeps during TSD. Our results on involuntary microsleeps during TSD confirm the few studies that have actually measured involuntary microsleeps using EEG during a period of TSD. 25, 38 Indeed, Beaumont et al. 25 have shown that, in their control group, the number of involuntary microsleeps became significant after 22 h of continuous wakefulness. In our study, we also observed a significant increase in the number of involuntary microsleeps after 22 h of continuous wakefulness in HAB. In addition, we report no significant increase in the number of involuntary microsleeps or cumulative duration during TSD in EXT. Finally as already shown, 26 subjective sleepiness was significantly increased by TSD. However, KSS was not influenced by EXT in any phase. Rupp et al. have shown similar results using the Stanford Sleepiness Scale during sleep restriction. 12 This result supports the notion that subjective and objective measures represent distinct entities and both need to be assessed. The positive effects of sleep extension observed at baseline were still present after one night of recovery sleep. Indeed, improvements in sustained attention (both fewer lapses and faster speed) and reduced sleep pressure induced by 6 nights of extended sleep persist after the night of recovery sleep, suggesting that sleep extension has long lasting effects. The longterm effect of sleep extension has already been evidenced after one week of sleep restriction. 12 However, in our study, neither sustained attention nor sleep pressure were completely restored after one night of recovery sleep. Despite that, there were no involuntary microsleeps during recovery showing the low sensitivity of this measurement for low levels of sleep pressure. Several hypotheses could be formulated about the possible mechanisms behind the effects of extended sleep on subsequent periods of sleep loss. There is ample agreement that the cognitive role of sleep is explained by sleep-dependent brain changes. 39 Previous studies have shown modulation of cerebral protein synthesis and the expression of genes involved in neural plasticity during sleep. [40] [41] [42] We can speculate that changes in total sleep time may induce a modulation of neurotrophic factors such as brain derived neurotrophic factor and insulin growth factor-1 known to be involved in cognitive performance. 43 It is also known that glucose metabolism in the brain, often used as an indication of neuronal activity in several cortical and subcortical structures, 43 is impaired by sleep deprivation as demonstrated by positron emission tomography studies in sleep-deprived subjects. 44 It is thus possible that sleep extension improves brain glucose metabolism. 45 Finally, adenosine has been proposed as an endogenous marker of sleep drive. It has been shown that TSD increases adenosine concentrations in the extracellular adenosine levels (hypnogogic substance) in the basal forebrain. 46 In line with Rupp et al., it can be hypothesized that sleep extension down regulates adenosine A1 receptors in the anatomical structures 47 controlling attentional capacities, 44 allowing attenuation of the deleterious effects of sleep deprivation.
However, some limitations in the present study must be taken into consideration. We were careful to recruit subjects without sleep debt. However, sleep latency data, PVT lapses, and speed at baseline in the habitual sleep condition suggest that some subjects were in very mild sleep debt. The large number of tests performed during our protocol is another limitation of our study and, it would be hazardous to generalize our results to the general population because all our subjects were young, healthy males.
CONCLUSION
Six nights of extended sleep improve sustained attention and alertness, limit the degradation of these two parameters during total sleep deprivation and improve their recovery speed. The results of the present randomized, crossover study confirm those of Rupp et al. that addressed the question of the effects of sleep banking on chronic sleep restriction and extend them to total sleep deprivation. From a practical standpoint, our work provides a potential countermeasure to manage the sleep/ wake cycle in various professional areas. Indeed, the present findings suggest that "banking" sleep prior to total sleep deprivation may help to sustain performance and alertness in various environments such as those encountered by the military, 
